The most common cause of dementia is Alzheimer's disease. The etiology of the disease is unknown, although considerable evidence suggests a critical role for the soluble oligomers of amyloid beta peptide (Ab). Because Ab increases the expression of purinergic receptors (P2XRs) in vitro and in vivo, we studied the functional correlation between long-term exposure to Ab and the ability of P2XRs to modulate network synaptic tone. We used electrophysiological recordings and Ca 2þ microfluorimetry to assess the effects of chronic exposure (24 h) to Ab oligomers (0.5 mM) together with known inhibitors of P2XRs, such as PPADS and apyrase on synaptic function. Changes in the expression of P2XR were quantified using RT-qPCR. We observed changes in the expression of P2X1R, P2X7R and an increase in P2X2R; and also in protein levels in PC12 cells (143%) and hippocampal neurons (120%) with Ab. In parallel, the reduction on the frequency and amplitude of mEPSCs (72% and 35%, respectively) were prevented by P2XR inhibition using a low PPADS concentration. Additionally, the current amplitude and intracellular Ca 2þ signals evoked by extracellular ATP were increased (70% and 75%, respectively), suggesting an over activation of purinergic neurotransmission in cells pre-treated with Ab. Taken together, our findings suggest that Ab disrupts the main components of synaptic transmission at both pre-and post-synaptic sites, and induces changes in the expression of key P2XRs, especially P2X2R; changing the neuromodulator function of the purinergic tone that could involve the P2X2R as a key factor for cytotoxic mechanisms. These results identify novel targets for the treatment of dementia and other diseases characterized by increased purinergic transmission.
P2X receptor overexpression induced by soluble oligomers of amyloid beta peptide potentiates synaptic failure and neuronal dyshomeostasis in cellular models of Alzheimer's disease Alzheimer's disease (AD) is responsible for~70% of the 46.8 million cases of dementia worldwide (Prince et al., 2015) , a number that is growing at a faster rate than predicted just 10 years ago (Ferri et al., 2005) . The disease presents a significant burden on society, already costing almost 818 billion US dollars in palliative care (Prince et al., 2015) . Therefore, it is imperative to develop innovative approaches and new strategies to treat or prevent the pathology.
Current dogma suggests that small, soluble oligomers of Ab (SOAb, ranging between 20 and 60 kDa) are responsible for the toxic effects (Lesn e et al., 2006) . However, how SO-Ab induce toxicity is unknown. One hypothesis is that the oligomers interact with or bind to synaptic proteins (NMDAR, PrPC, and Frizzled) in a manner that alters normal synaptic function (Decker et al., 2010; Ferreira et al., 2012; Lauren et al., 2009; Peters et al., 2015) . It is also suggested that SO-Ab form non-selective pores in the plasma membrane (Arispe et al., 1993 (Arispe et al., , 2007 Lal et al., 2007) . In support of this hypothesis, it was found that SO-Ab perforate neuronal membranes by forming a pore that is large enough to conduct molecules with molecular weights as high as 900 Da (Sepúlveda et al., 2014) . In cell cultures treated with SO-Ab, is has been observed that ATP increased on extracellular media, suggesting that SO-Ab pore lead the flux of ATP through it, and this intracellular ATP leakage enhance it extracellular concentration (Kim et al., 2012; Orellana et al., 2011; S aez-Orellana et al., 2016) . The downstream sequel of ATP release involves activation of metabotropic P2Y and ionotropic P2X receptors. It was shown that P2X7Rs can be overexpressed in the brains of AD patients assayed post-mortem and in microglia from Ab-treated rats (McLarnon et al., 2006) , and activate nonamyloidogenic processing of APP (Amyloid Precursor Protein) (Darmellah et al., 2012; Delarasse et al., 2011) . Thus, it is entirely possible that eATP contributes to neuroinflammation in AD patients (Di Virgilio et al., 2009 ) by gating P2X7Rs and activating microglia (Choi et al., 2007; Madry and Attwell, 2015; Parvathenani et al., 2003) .
P2XRs are also expressed in neuronal cells in the CNS, and activation of P2X4Rs in animal models contributes to the formation of LTP (Long Term Potentiation) in the hippocampus (Baxter et al., 2011; Tsuda et al., 2013) . P2X4Rs possess a non-canonical domain that mediates internalization upon activation as a mechanism to limit Ca 2þ flux (Royle et al., 2002 (Royle et al., , 2005 . Interestingly, SO-Ab induces proteolytic cleavage of this non-canonical internalization domain, thereby prolonging the presence of P2X4Rs in the plasma membrane and facilitating the toxic effects of SO-Ab mediated by eATP-gated Ca 2þ overload (Varma et al., 2009 ).
Recently, we demonstrated that acute exposure of neurons to SO-Ab increases eATP, leading to an elevation in the [Ca 2þ ]i and enhancement of synaptic activity through P2XRs (S aez -Orellana et al., 2016) . In the present paper, we evaluate the contribution of purinergic transmission to chronic SO-Ab-induced neuronal damage, and measure the changes in P2XR protein expression of cultured hippocampal neurons in response to incubation with SOAb. Our data demonstrates for the first time that the P2X2 purinergic receptor is involved in the toxic physiopathology of soluble oligomers of the beta amyloid peptide.
Methods
In the present work, we used two neuronal primary cell cultures (hippocampal and cortical) and one cell line culture with neuronal lineage (PC12).
Primary hippocampal cultures
Pregnant Sprague-Dawley rats were handled in accordance with ethical regulations established by NIH and the University of Concepci on. Primary cultures of embryonic hippocampus or cortex of 18e19 days were prepared and maintained using previously published protocols (Fuentealba et al., 2012) . All experiments were performed in cultures having 10e12 days in vitro.
Primary cortical cultures
Cortices from the same embryos used for hippocampal cultures were collected and trypsinized to isolate the cells and centrifuged at 3000 rpm for 5 min, the cell pellet was washed twice with ice cold DPBS to dilute the trypsin. The cells were counted and plated using plating media (MEM supplemented with 10% horse serum, 4 mg/ml DNase and 2 mM L-Glutamine, all reagents from HyClone Laboratories, Logan, UT, USA). Plating media was replaced after 24 h with feeding media (MEM supplemented with 5% horse serum, 5% fetal bovine serum; HyClone Laboratories, Logan, UT, USA), and 0.5% N3 (a mixture of defined nutrients). Feeding media was changed every 3 days with fresh feeding media. Neurons were used between 10 and 12 days in vitro.
PC12 cells
PC12 cells from ATCC (Manassas, VA, USA) were cultured in DMEM with 5% fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine. The cells were incubated under standard conditions (37 C, 5% CO 2 ) and when 80% confluence was achieved, the cells were treated with 0.25% trypsin for 10 min, washed and resuspended in HyQ DMEM/High-Glucose (Hyclone, Logan, UT, USA) with 5% fetal bovine serum (Hyclone), 2 mM L-glutamine (Gibco, Grand Island, NY) and 1% penicillinstreptomycin (Gibco). The cells were then plated at a concentration of 50,000 cells/well for experiments and used 24 h after plating under experimental conditions similar for neurons.
Ab peptide
Stock peptide (rPeptide, Bogart, GA, USA) was reconstituted in DMSO to a concentration of 2.3 mM and stored at À20 C. Subsequently, the peptide was aggregated in sterile H 2 O at 80 mM using a standardized protocol (800 rpm, 37 C, 2 h). All treatments with Ab were made at a final concentration of 0.5 mM in Krebs-Hepes (pH 7.4) and maintained for 24 h, unless otherwise indicated.
Cell viability
We used the in vitro MTT assay kit (Sigma-Aldrich, Saint Louis, MO, USA) to evaluate changes in cell viability by measuring the ability of mitochondria to reduce 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT salt) to formazan. Hippocampal cells were subjected to different experimental conditions, and then incubated for 30 min in MTT (1 mg/ml). The insoluble formazan was solubilized in 100 ml of 2-propanol, and the absorbance was read in a NOVOstar multiplate reader (BMG Labtech, Offenburg, Germany).
Electrophysiology
The whole-cell patch clamp technique was used as previously reported (Fuentealba et al., 2011 (Fuentealba et al., , 2012 using an Axopatch 200B amplifier (Axon Instruments, USA) in voltage clamp mode (holding potential À60 mV). Miniature excitatory post-synaptic currents (mEPSC) were pharmacologically isolated using appropriate concentrations of TTX (50 nM), bicuculline (5 mM), D-AP5 (50 mM), and/ or CNQX (5 mM). Neurons were pre-incubated for 24 h with Ab (0.5 mM), PPADS (10 mM), apyrase (3U/ml), and DPCPX (1 mM). The pipette solution was (in mM): 120 KCl, 4 MgCl 2 , 10 HEPES, 2 ATP, 0.5 GTP, 10 BAPTA (pH 7.4, 300 mOsm). The bath solution contained (in mM): 150 NaCl, 5.4 KCl, 2 CaCl 2 2, 1 MgCl 2; 10 HEPES, 10 Glucose (pH 7.4, 320 mOsm). Analysis was performed offline using Clampfit 10 (Axon Instruments, USA).
Ca 2þ measurements
Hippocampal cultures were loaded with the non-ratiometric Ca 2þ sensitive fluorescent probe Fluo-4 AM (Invitrogen, Carlsbad, CA, USA) for 20 min in PBS using standard incubation conditions. Subsequently, the cells were washed 20 min with PBS and finally washed 3 times with normal external solution and then mounted on an inverted microscope. Changes in fluorescence (ex 480 nm, em 520 nm, 200 ms exposure) were acquired every 1 s for 10 min using an iXon þ EMCCD camera (Andor, Ireland) and the Imaging Workbench 6.0 software (Indec Biosystems, Santa Clara, CA, USA). (Pfaffl, 2001) . In brief, this method uses reference genes to compare the changes in expression in a gene of interest, comparing the treated (SO-Ab) with untreated experimental condition according to the following equation:
RT-qPCR
Ratio ¼ E gene of interest DCtðcontrolÀsampleÞ E reference gene DCtðcontrolÀsampleÞ
In this equation E stands for the efficiency of the primer used, and DCt is the difference between the Ct observed in the untreated sample minus the Ct of the treated sample. The efficiency of the primers is measured as described by Pfaffl (2001) . Statistical differences in expression where assessed using an inference method based in a one sample t-test, assuming an expected value of 1 if there was no change in expression. The significance of the discrepancy was indicated in the graphs.
Western blot
Protein from control and Ab-treated (0.5 mM, 24 h) culture lysates were subjected to SDS-PAGE, and transferred to nitrocellulose membranes (250 mA, 100 min) that were subsequently blocked with 5% non-fat milk in TBS-T. The primary antibodies used were anti-PSD95 (Mouse monoclonal, 1:1000, Thermo Scientific, Waltham, MA, USA), anti-P2X2 and anti P2X7 (polyclonal, 1:1000, Alomone Labs, Israel) and anti-b-actin (mouse monoclonal, 1:1000, Santa Cruz Biotechnology, Dallas, TX, USA). Secondary HRPconjugated antibodies were used at 1:5000 (Santa Cruz Biotechnology, Dallas, TX, USA). Immunoreactive bands were exposed using Clarity™ Western ECL substrate (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and quantified using an Odyssey FC detection system (Li-Cor, Lincoln, NE, USA).
Immunofluorescence
Cell cultures were treated and then fixed with 4% paraformaldehyde for 10 min at 4 C, after which the cells were permeabilized and blocked with 10% horse serum plus 0.1% Triton X-100 for 15 min at room temperature. The samples were incubated with the following primary antibodies specific for: synaptic vesicle protein 2 (SV2, 1:400; mouse monoclonal, Synaptic Systems, G€ ottingen, Germany) used as specific presynaptic marker; Post Synaptic Density protein 95 (PSD95, 1:400, mouse monoclonal, Thermo Fisher Scientific, Waltham, MA, USA) used as specific postsynaptic marker; P2X2 and P2X7 (1:400, rabbit polyclonal, Alomone Labs, Israel) or Microtubule Associated Protein 2 (MAP2, 1:400; goat polyclonal, Santa Cruz Biotechnology, Dallas, TX, USA) used to identify the neurons on co-culture with glia, was used for 1 h at room temperature, followed by incubation with the corresponding secondary antibodies: anti-Mouse IgG (1:200, Donkey, Cy3, Jackson Immunoresearch, West Grove, PA, USA), anti-goat (1:200, Donkey, Alexa Fluor 488, Jackson Immunoresearch, West Grove, PA, USA), or anti-Rabbit IgG (1:200, Donkey, Alexa Fluor 405, Abcam, Cambridge, UK) for 45 min. The slides were mounted using immunofluorescence mounting media (Dako, Glostrup, Denmark). Images were acquired using a LSM780 NLO confocal microscope (Carl Zeiss Microscopy, Jena, Germany). Image processing and quantification was performed using Image J (NIH, Bethesda, MD, USA).
Drugs
Pyridoxalphosphate-6-azophenyl-2 0 ,4 0 -disulfonic acid (PPADS, Tocris, Bristol, UK) was used at 10 mM because this concentration 100 ± 2%; Ab: 61 ± 1%, P < 0.0001 vs control; AbþPPADS: 94 ± 4%, P ¼ 0.260 vs control, P ¼ 0.002 vs Ab; PPADS: 96 ± 7%, P ¼ 0.705 vs control, P ¼ 0.002 vs Ab, FCCP: 3 ± 1%, n ¼ 5. ***P < 0.001 vs. control. ensures the inhibition of P2XR and avoids the blockage of other receptors like P2Y. PPADS is the best pharmacological tool available to inhibit P2XR and is widely used for this objective. ATP (SigmaAldrich, Saint Louis, MO, USA), 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX, Tocris, Bristol, UK), Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, Tocris, Bristol, UK), apyrase 30U/ml (EC 3.6.1.5, Sigma-Aldrich, Saint Louis, MO, USA).
Statistical analysis
Data is presented as the mean ± SEM. Statistical significance was determined using Student's t-test or one-way ANOVA with Fig. 3 . Chronic pharmacological blockade of P2XR prevents neuronal network silencing. A) Representative traces of mEPSC in presence of SO-Ab (0.5 mM), PPADS (10 mM) or apyrase (3U/ml) þ DPCPX (1 mM) (Inhibitors). B) Quantification of mEPSC frequency in control: 100 ± 20%; Ab: 28 ± 7%, P ¼ 0.006 vs control; AbþPPADS: 80 ± 19%, P ¼ 0.488 vs control, P ¼ 0.027 vs Ab; AbþInhibitors: 60.3 ± 6.5%, P ¼ 0.088 vs control, P ¼ 0.002 vs Ab; PPADS: 89 ± 12.3%, P ¼ 0.647 vs control, P ¼ 0.002 vs Ab; Inhibitors: 75 ± 12%, P ¼ 0.309 vs control, P ¼ 0.403 vs Ab; n ¼ 14e19. C) Cumulative probability analysis of mEPSC showing that Ab induces a left-shift in the curve indicating a decrease in the amplitude of mEPSC (P < 0.0001, Kolmogorov-Smirnov test). This effect was prevented only by PPADS (P ¼ 0.544, Kolmogorov-Smirnov test). The inhibitors curve is similar to Ab (P < 0.0001 vs control, Kolmogorov-Smirnov test). **P < 0.01 vs. Control.
Bonferroni post-test. For the electrophysiological current amplitude analysis we used Kolmogorov-Smirnov to evaluate differences in population distribution. P < 0.05 was considered statistically significant.
Ethical approbation
This study was reviewed and approved by the Ethic and Scientific Committee at the University of Concepcion.
Results

P2XR blockade prevents the synaptic silencing induced by SOAb
As previously reported, neurons chronically exposed (24 h) to SO-Ab exhibited synaptic failure resulting from depletion of synaptic vesicles (Parodi et al., 2010) which was associated with the silencing of neuronal networks and neuronal death (Fuentealba et al., 2011 (Fuentealba et al., , 2012 . The cytotoxic events associated to SO-Ab has been associated with ATP leakage from the neuron (S aez -Orellana et al., 2016) and opens the possibility that this ATP can modulate synaptic function and neuronal survival through their purinergic receptors (activation and/or overexpression). To examine this possibility, we decided to test the synaptic function and neuronal connectivity by evaluating the integrity of synaptic components (pre-and post-) in neurons treated chronically with SO-Ab (0.5 mM, 24 h); SV2 immunostaining was evaluated on control conditions (Fig. 1Aa) , while oligomers have been shown to decrease it (63%), indicating neuronal network disconnection (Fig. 1Ab) . This toxic effect was prevented (88%) by co-incubation with PPADS (10 mM, Fig. 1Ac ), an antagonist classically used at this concentration to inhibit P2XR (Allgaier et al., 2004; Lalo et al., 2008; Laube, 2002) . This result suggests that P2XR (probably activated by ATP leakage) contributed to SO-Ab toxicity. The incubation with PPADS alone (Fig. 1Ad) showed a significant increment in SV2 immunostaining versus control condition (145%, Fig. 1B ). This surprising result can be explained by a blockade of P2XR in control neurons (without SOAb). All these effects on a synaptic marker were correlated with the viability of cortical primary cultures (12 days in vitro) under the same experimental conditions, where we found that SO-Ab decreased cell viability to 61% of control values (Fig. 1C) , while coincubation with PPADS prevented chronic SO-Ab toxicity; showing a 96% cell viability. Furthermore, PPADS alone did not show any effect on viability, whereas the positive control FCCP (100 mM) induced almost complete neuronal death (only 3% cell viability). Taken together, these results suggest that P2XR blockade could reduce the impact of amyloid b peptide on cell viability and neuronal network connectivity.
We next decided to correlate the effect of SO-Ab on the postsynaptic component using PSD95, a postsynaptic density protein, as a marker. Using Western blot analysis ( Fig. 2A) , we observed that SO-Ab (24 h) reduced the levels of PDS95/actin ratio compared with the control values (0.59 vs 1.06 respectively) in primary hippocampal cultures, while co-incubation with PPADS exhibited a PSD95/actin ratio similar to control (1.12; Fig. 2B ). We also Fig. 4 . SO-Ab induces changes in the mRNA expression levels of P2X subunits. A) Quantification of relative mRNA for P2X subunits at 12 h of treatment with Ab (0.5 mM) revealed that the subunits P2X1, 2, 5 and 7 had a significant increase in their expression (P2X1: 1.25 ± 0.007, P ¼ 0.0009; P2X2: 1.23 ± 0.06, P ¼ 0.029; P2X5: 1.21 ± 0.06, P ¼ 0.039; P2X7: 1.42 ± 0.06, P ¼ 0.019; P2X3: 0.95 ± 0.09, P ¼ 0.636; P2X4: 1.21 ± 0.07, P ¼ 0.056; P2X6: 1.03 ± 0.22, P ¼ 0.918). B) Quantification of the relative expression of P2X at 24 h of treatment (Ab, 0.5 mM) showing that at this time point only P2X2 remained significantly increased (P2X2: 1.2 ± 0.04, P ¼ 0.022; P2X1: 1.1 ± 0.06, P ¼ 0.152; P2X3: 0.9 ± 0.08, P ¼ 0.286; P2X4: 1.16 ± 0.07, P ¼ 0.110; P2X5: 1.13 ± 0.05, P ¼ 0.096; P2X6: 0.95 ± 0.15, P ¼ 0.783; P2X7: 1.21 ± 0.13, P ¼ 0.193), n ¼ 5. *P < 0.05 vs control, **P < 0.01 vs control, ***P < 0.001 vs control. Dashed line indicates the basal expression of each receptor subtype (control conditions).
performed immunocytochemistry of hippocampal neurons labeled with specific antibodies to MAP-2 (green) and PSD95 (red) to confirm that the presence of PPADS preserved the postsynaptic proteins (Fig. 2C) , similar to the results with SV2; and the quantification of inmunoreactivity (Fig. 2D) corroborate it the contribution to maintain the synaptic structure and communications. Taken together, the inhibition of P2XRs and modulation of purinergic tone may interfere with the toxic mechanism of SO-Ab and help to maintain the functionality of the neuronal network. These results strongly support the hypothesis that the synaptic silencing induced by SO-Ab could be mediated or potentiated by the activation of purinergic receptors, and suggests that the alterations in the levels of pre-and postsynaptic proteins is potentiated by P2XR overactivation (due to the ATP leakage by SO-Ab).
To correlate the previous results in this study with the functional effects of purinergic modulators on spontaneous synaptic currents in neurons chronically treated with SO-Ab, we evaluated the frequency of miniature excitatory postsynaptic currents (mEPSCs) in the presence and absence of: i) PPADS (10 mM), and ii) a cocktail to hydrolyze ATP and block any adenosine contribution (referred to as "þ inhibitors"), composed of apyrase (3U/ml, an enzyme with phosphatase activity that hydrolyzes ATP and ADP to AMP) and an adenosine A1 antagonist, DPCPX (1 mM). Comple- mentary to that observed with acute exposure (S aez-Orellana et al., 2016), we found that chronic SO-Ab significantly decreased mEPSC frequency to~30% of control ( Fig. 3A and B) , supporting the idea that SO-Ab induces synaptic disconnection. Using the pharmacological strategy designed to prevent over-activation of P2XRs by endogenous ATP leakage, we observed that mEPSC frequency recovered to around 80% of control (with PPADS), and close to 60% in the "þ inhibitors" condition (Fig. 3B) . Furthermore, SO-Ab significantly reduced the average amplitude of mEPSCs, and again, inhibition of purinergic modulation was able to prevent the decrease induced by Ab treatment (Fig. 3C) . It is worth noting that PPADS showed a more robust effect than the combination of apyrase and DPCPX, which could be due to the diminishment of apyrase activity over time during incubation. Overall, these results suggest that the toxic effect of SO-Ab is mediated in part by P2XRs.
SO-Ab increases the expression of P2XR
Different studies have shown, for example, that the expression of P2X7Rs is increased in the brains of post-mortem AD patients, as well as in animal models of the disease (McLarnon et al., 2006) , suggesting the possibility that P2XR changes its expression levels contributing to SO-Ab toxicity. Therefore, we used RT-qPCR to evaluate if some of the P2XR subtypes present in hippocampal neurons are changed and might be implicated in the cytotoxicity observed in the presence of chronic SO-Ab. The changes in expression of all seven subtypes were studied at different incubation times (3, 6, 12 and 24 h) of SO-Ab treatment. We found no significant changes in the expression of any subunits at 3 and 6 h (data not shown); however, there was a significant increase in the expression of P2X1R, P2X2R, P2X5R and P2X7R after 12 h of incubation (Fig. 4A) . Additionally, after 24 h of treatment, P2X2R remained significantly increased (Fig. 4B) . These results suggest that SO-Ab increases the expression of some P2X subunits in subchronic or chronic treatments, and that the expected outcome of the increased expression is a potentiation of purinergic transmission with cytotoxic consequences to the neurons. In addition to b-actin as main housekeeping, we also assayed GADPH as a second reference gene, and a reference index obtained with the geometric mean of Ct for both reference genes showed similar results (not shown; Pfaffl, 2001) .
P2XRs have significant Ca 2þ permeability, especially P2X2 (Liang et al., 2015) , representing an important source that could contribute to the Ca 2þ overload that is thought to underlie the excitotoxic effects of Ab (Egorova et al., 2015) . To corroborate these observations, we examined this chronic increase in P2X2R using immunocytochemistry and western blot in hippocampal neurons. Fig. 5A shows neurons labeled with specific antibodies to MAP-2 (red) and P2X2R (green) in control condition (Fig. 5AeI ) and the magnification of the neuron inside of white square (Fig. 5AeII) , and treatment with SO-Ab ( Fig. 5-III ) and the respective magnification of one neuron under this condition (Fig. 5AeIV) . The immunoreactivity to P2X2R increased 4 fold above control conditions (Fig. 5B) and these results correlate with the RT-qPCR data; while the same protocol to analyze P2X7R (Fig. 5C ) did not show significant differences in the immunoreactivity (Fig. 5D ). The same results were obtained in primary hippocampal culture when P2X2R and P2X7R protein levels were quantified by western blot (Fig. 6A and B) ; using the same experimental conditions. These results support the idea that the most relevant P2XR overexpressed in neurons would be P2X2R, while P2X7R could be important for other cells in primary hippocampal cultures, as is suggested in the literature. To corroborate these observations, we treated PC12 cells, a cell line with neuronal lineage, using the same protocol for hippocampal neurons. Western blot results demonstrated that cells treated 24 h with SO-Ab had increased P2X2R protein levels as observed in Fig. 7A and quantified in Fig. 7B , showing an increase of approximately 45%. Interestingly these results were confirmed by immunofluorescence as observed in Fig. 7C where P2X2R was labeled in red. These data reinforce the idea that amyloid peptide toxicity and purinergic neuromodulation are tightly coupled by overexpression of P2XR and an increase in purinergic tone, mainly mediated by P2X2R in neurons and neuronal-like cells.
To further support our hypothesis that P2XRs are overexpressed with chronic treatment of SO-Ab and that it is a functional overexpression that can induce changes in the neuronal network, we measured current amplitude evoked by application of exogenous ATP (1 mM) on neurons exposed to Ab (0.5 mM, 24 h) using patch clamp techniques (Fig. 8A) . We found that SO-Ab effectively increased ATP-evoked currents to almost double of control currents Thus, the most plausible explanation for these increments in amplitude after SO-Ab treatment is related with the increased functional expression of P2X2 in the plasma membrane, without altering the gating properties of the receptors.
Finally, to corroborate that increased P2X2 receptor density in the plasma membrane induced by SO-Ab is functional and that their activation induces a Ca 2þ overload, we used Ca 2þ microfluorimetry to measure concentration-response curves with ATP (0.1e1000 mM) as the agonist. As shown in Fig. 9A , we observed an increase in the amplitude of cytosolic Ca 2þ signals evoked by all ATP concentrations tested in neurons pretreated with SO-Ab. These increases were similar to those observed on the amplitude of the ATP-evoked currents (Fig. 8A) , confirming the presence of functional receptors in the plasma membrane that potentiate SO-Ab cytotoxicity. Additionally, we also observed a significant increase in apparent EC 50 for ATP in Ab-treated neurons (Fig. 9B , control:
1.5 ± 0.14 mM; Ab: 4.5 ± 0.15 mM, P ¼ 0.0002, t-test), which could be related to the changes in expression of the observed P2X receptors (Coddou et al., 2011) .
Discussion
Our results suggest a new alternative to consider the purinergic transmission as a novel target for the Ab toxicity mechanism. Under the experimental conditions of the present work, P2XR activation represents a functional contribution that may explain the neurodegeneration when Ab is chronically present in the neuronal network. The synaptic uncoupling and neuronal network silencing were recovered when a P2XR inhibitor was present, and represent evidence that could support our working hypothesis. In parallel, the possibility that overstimulation of P2XR can modify its expression levels and the presence in the plasma membrane were corroborated by molecular biology strategies (RT-qPCR and immunocytochemistry), as well as by functional assays (electrophysiology and Ca 2þ microfluorimetry). Additionally, the incubation of PPADS alone showed a significant increment in SV2 immunostaining versus control condition (145%, Fig. 1Ad, 1B ). This unexpected result can be interpreted as a compensatory response to the effect of P2XR activation on the neuronal network (without SO-Ab), and correlate with previous effects reported in the literature (Xing et al., 2008) . The changes in the expression levels of P2X1R, P2X5R, P2X7R, and especially P2X2R, represent a functional contribution that may explain, at least partially, the synaptic toxicity in our model. To try to understand the role of each overexpressed subunit, it is important to take into consideration the following: i) The P2X1 expression increment could be non-relevant since P2X1R has a fast desensitization kinetic (tdes: 64.8 ± 7.8 ms, Coddou et al., 2011) and also a fast internalization rate (Lalo et al., 2008) , thus their contribution must be minor; and ii) P2X5 (as well P2X6R) has been described as part of a group located mainly in the cytoplasm control. Ab increased the maximum response and produced a left shift in the curve of apparent EC 50 vs control: 1.5 ± 0.14 mM; and Ab: 4.5 ± 0.15 mM, P ¼ 0.0002. Maximum response for control: 100 ± 6%; and Ab: 177 ± 7%; P ¼ 0.001, n ¼ 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (Murrell-Lagnado and Qureshi, 2008; Murrell-Lagnado and Robinson, 2013; Ormond et al., 2006) . Therefore, the potential contribution of these subunits could be minimal; while the increments in P2X7 and P2X2 receptors appear to be the most important since these two subunits have been described as being prevalent in the plasma membrane (Chaumont et al., 2004; Murrell-Lagnado and Qureshi, 2008; Murrell-Lagnado and Robinson, 2013; Richler et al., 2011; Shrivastava et al., 2013) . However, P2X7 receptors have been described as markers (as well as P2X4) for microglia activation (Anccasi et al., 2012; Avignone et al., 2008; Cavaliere et al., 2003; Choi et al., 2007; Don a et al., 2009) and are implicated in cell death (Anccasi et al., 2012; Cho et al., 2010; Choi et al., 2007; Ireland et al., 2004; Le on et al., 2008; Marcoli et al., 2008) ; while other reports have suggested contributions in cell survival (Amstrup and Novak, 2003; Gendron et al., 2003; Neary et al., 2003; Ortega et al., 2010) . The role of P2X7R on microglia activation correlated with our data. The increments in the levels of messenger RNA by RT-qPCR were not correlated to the results for protein levels shown with western blot and immunocytochemistry studies in hippocampal neurons. Thus, the increase in messenger RNA observed with RTqPCR could be attributable to the presence of their mRNA from glial cells. Taken together, the increased size of the evoked currents and sustained increase in cytosolic Ca 2þ signals observed in neurons could represent the "point of no return" for the toxic effects induced by SO-Ab and could be mediated by P2X2, as well as P2X7; two receptor subunits that are most likely responsible for the transmembrane Ca 2þ fluxes seen upon persistent exposure to the peptide. In this study, it appears that P2X2 represent the most relevant receptor contributing to these effects due to their increased expression in the plasma membrane in the presence of SO-Ab as observed in Fig. 5 . Moreover, P2X2 has been described to interact with the APP anchoring protein Fe65 and modulate the processing of APP and Ab levels (Lau et al., 2008; Masin et al., 2006) , further promoting the vicious cycle related to SO-Ab toxicity. Therefore, the P2X2R appears to be a crucial component for overall cellular Ab pathogenicity. However, it is unlikely that these results are mediated only by P2X2, without the potential contribution of other receptor subtypes or heteromeric conformations that need to be clarified in future studies.
Conclusions
The involvement of P2X2 or P2XR in AD suggests that this class of ligand-gated ion channel may be a beneficial drug target in the battle to prevent the onset or ameliorate the symptoms of a number of neurodegenerative diseases, including dementias.
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